BACKGROUND: Bioelectrochemical systems (BESs) enable recovery of electrical energy through oxidation of a wide range of substrates at an anode and simultaneous recovery of metals at a cathode. Scale-up of BESs from the laboratory to pilot scale is a challenging step in the development of the process, and there are only a few successful experiences to build on. This paper presents a prototype BES for the recovery of copper.
INTRODUCTION
Bioelectrochemical systems (BESs) enable recovery of electrical energy from a wide range of substrates and utilize these electrons to produce electrical power or produce valuable products at the cathode such as hydrogen, acetate or methane.
1 -3 Another interesting application is the recovery of metals at the cathode. 4 BESs for the recovery of metals have several advantages over traditional technologies like electroplating, the most important being the required energy input. The dimensionally stable anodes used in electroplating are designed for the oxidation of water, which requires a high energy input of 2.71 kWh kg −1 Cu. By contrast, the anode in BESs uses microorganisms that oxidize organic matter from waste streams to produce an electric current. The overall reaction of acetate oxidation and copper reduction is spontaneous, and therefore electrical energy is generated instead of consumed. 4, 5 When rates are not sufficiently high, an external power supply can be coupled to the cell to increase the current density beyond the short circuit current, so that the copper plating rate is increased further.
The concept of copper recovery using BESs was first demonstrated by Ter Heijne et al., and improvements in cell design have resulted in a current density of 25 A m −2 and a power production of 5.5 W m −1 . In this improved system, copper was recovered at the surface of an electrode with a purity of 99%. 5 As an alternative for acetate, electron donors present in mining waste streams, like for example tetrathionate, 6 -8 have been tested for their suitability as bioanodes. In remote mining locations when waste streams are not available in the vicinity of metal streams, hydrogen, which is produced on site, could be used as an electron donor. 9 Also, (bio)ethanol could be transported to these locations as a cheap organic alternative to acetate. However, so far, the performance of BESs, using these alternative electron donors, is lower compared with acetate. P Rodenas Motos et al.
While lab scale systems show promising performance, it is necessary that BESs are also tested at larger scale to assess their viability for industrial application. 10, 11 A pertinent challenge for (bio)electrochemical cells is to design scaled-up systems with the same low internal resistance as labscale devices. 11, 12 For low internal resistance, placement of anode and cathode electrodes at short distances is necessary. For the recovery of metals using BESs, additional criteria are of importance for scaling-up. For instance, the recovered metals on the cathode need to be removed from the system regularly, while the bioanode has to be kept separated from the metal stream due to metal toxicity for the electro-active biofilm. The electrochemical baths and removable cathode plates used in the electroplating industry were taken as a model for the design of the prototype reactor. The bioanode was designed as a separate module immersed in between two cathode electrodes in an electrochemical bath. This design enables the anode module as well as the cathode plates to be substituted when required. These removable electrodes, however, do come at a cost of internal resistance, as electrodes cannot be placed as close to each other compared with non-removable electrodes. The high value of the recovered copper could allow for higher internal resistance compared with other products in BESs with lower value.
The aim of this study was to operate the prototype BES with removable electrodes for copper recovery and to assess its suitability for further scaling-up. The performance of the prototype was analyzed via polarization curves, and the contribution of each component (anode, electrolytes, membrane and cathode) to the total internal resistance was determined. Finally, an economic assessment was performed to show the potential of BESs for metal recovery using different types of electron donor at the anode.
MATERIALS AND METHODS

Design of the prototype BES
The cathode compartment of the BES represented a traditional plating bath, in which a separate module was placed containing the anode (Fig. 1) . The cathode compartment consisted of a PP housing with a volume of 32 L and was placed on stirring plates to allow mixing of the catholyte. Two stainless steel plates served as the cathode electrodes. These cathodes could be lifted to be removed from the cathode chamber. Each cathode had a total (submerged) working surface area of 700 cm 2 of which only one side (350 cm 2 ) was facing the anode module. The anode compartment was designed as a module (Fig. 2 ) that was inserted in between the two cathodes, with a distance of 3.5 cm between anode and cathode. This anode module consisted of a PP housing (24.6 × 34 cm), in which four layers of carbon felt (4 mm for each layer, surface area 1-2 m 2 g −1 -Technical Fibre Products Ltd, Kendal, United Kingdom) were placed on both sides of a platinum coated titanium mesh current collector (thickness 1 mm -Magneto Special Anodes BV, Schiedam, The Netherlands). On both sides of this anode an anion exchange membrane (Ralex, MEGA a.s., Czech Republic) was placed, making the anode a separate, removable module. The two membranes combined had a projected surface area of 600 cm 2 . To allow in and outflow of the anolyte, a spacer material (PETEX, Goor, The Netherlands) was placed in between the anode felt and the membrane resulting in an anode compartment volume of 300 mL. The spacer also allowed for a perpendicular flow of the anolyte through the anode. The anolyte was circulated over the anode module and an external circulation bottle (1 L) at a rate of 500 mL min −1 . The influent was fed to the circulation bottle at a rate of 4 mL min −1 giving a theoretical hydraulic retention time (HRT) of 325 min. The anolyte temperature was kept at 30 ∘ C through a heat jacket around the anolyte circulation bottle. The rest of the system was operated at room temperature (23 ∘ C). Figure 1 shows the schematic design of the prototype with the recirculation bottle, pumps and electrical connection.
Electrolyte composition and inoculums
During start-up and during the experimental procedure, the anode compartment was fed with acetate solution (20 mmol
CaCl 2 ·2H 2 O and 0.1 mL L −1 of a trace element mixture. 13 The system was inoculated with 200 mL of effluent from a running MFC fed with acetate.
During start-up, the catholyte compartment contained a buffer solution containing 0.68 g Lfacilitate the oxygen reduction reaction. During this start-up stage, two external resistors (1000 Ω) were connected in parallel from anode to both cathode electrodes. After 12 days, the cell produced a stable current of 100 mA and was considered ready for the experimental procedure.
After the start-up phase, three experiments were performed with different copper sulfate concentrations as catholyte (1, 0.5 and 0.1 g L −1 Cu 2+ ). These copper concentrations in the catholyte correspond to conductivities of 2.2, 2.1 and 1.1 mS cm −1 , respectively. The anolyte conductivity was 6 ± 0.2 mS cm −1 for all experiments. The pH of the catholyte was kept at 4 through the addition of 0.5 mol L −1 H 2 SO 4 every day, while the pH of the anolyte was around 7 ± 0.4. The catholyte was flushed with nitrogen to ensure anaerobic conditions. To this end, floating plastic balls were placed on top of the catholyte to prevent air intrusion.
Experimental procedure
After the start-up phase, two external resistors (1000 Ω) were connected in parallel to both cathode electrodes, splitting the cell into two parallel cells sharing one anode. Both resistors were stepwise decreased every 24 h (except in the weekend) until the cell voltage reached a stable value and the resistance was decreased until the cell voltage reached 0 V.
The potentials of the anode and the cathodes were measured using Ag/AgCl reference electrodes (QM711X ProSense QiS, Oosterhout, The Netherlands) placed close to the cathode and in the anolyte outlet. These potentials were continuously recorded using a data logger (RSG40 Memo-graph, Endress + Hauser), together with the cell voltage (for both cathodes), and the potential of both membranes. Anolyte and catholyte pH were continuously monitored using pH electrodes (Endress + Hauser, CPS41 D). Conductivity was measured externally during sampling of both electrolytes (WTW pH/cond 340i, Weilheim, Germany). Dissolved oxygen was measured using a DO electrode (HQ40d Hach Company, Colorado, USA).
Analysis
Anolyte, catholyte, and inflow were sampled three times per day to measure organic and inorganic carbon (total carbon analyzer Shimadzu TOC-VCPH); volatile fatty acids and anion concentrations were measured by Ionic Chromatography (Metrohm 761 Compact IC equipped with a conductivity detector and a Metrosep Organic Acids 6.1005.200 ion exclusion column). Dissolved copper was analyzed by Induction Coupled Plasma (ICP) (ICP-OES Perkin Elmer Optima 5300). The deposited copper was removed from the electrode by scratching with a knife. The removed copper was then weighed and dissolved in 5 mL of 33% HNO3. This solution was diluted 2000 times and measured by ICP-OES Perkin Elmer Optima 5300.
Calculations
The calculation of the anode and cathode Coulombic efficiency and copper recovery were previously described by Ter Heijne et al. and Rodenas et al. 4, 5 The cell voltage generated by the system (E cell ) is a function of the theoretical voltage (E emf ) at open circuit conditions, the internal resistance (R int ) and the current density (J).
The contribution of each cell component (anode overpotential, cathode overpotential, membrane potential and ionic resistance of both electrolytes) to the internal resistance is described by the equation
The calculation of the contribution of each component has previously been described by Sleutels et al. 14 The total system used in this study consists of two identical circuits (two cathodes) operated in parallel.
Economic evaluation
We calculated the cost and revenu for different substrates for the recovery of copper in a BES, following the approach in Sleutels et al. 15 to compare with traditional Solvent Extraction/Electro-Winning (SX/EW). This comparison includes three scenarios where different electron donors are considered: (i) the electron donor is available onsite (wastewater); (ii) bio-ethanol as electron donor; and (iii) hydrogen which is produced on-site through steam reforming. For the first scenario, we assume that all the organic matter is hydrolyzed to acetate, being the electron donor to be consumed. Since the electron donor originates form waste, it can be considered free of charge. For the second scenario, bio-ethanol was used as fuel for its future use in BESs to be used in remote locations as an alternative to other fuels like diesel. 16 For the third scenario hydrogen was used as the electron donor, as it is produced in many metal industry locations. The use of hydrogen as an interesting alternative electron donor for the recovery of copper in BESs has been previously described by Ntagia et al. Table 1 shows an overview of the parameters used for the calculations and their values The capital cost includes materials for electrodes, current collectors and the membranes. A payback time of 10 years and an interest rate of 6% were considered. The calculations are done for a future optimized system with a specific electrode surface of 100 m 2 m −3 . Furthermore, a Coulombic efficiency of 84% for the cathode and 95% for the anode was assumed, obtained in experiments by Ter Heijne et al. 4 For the operational costs of the different electron donor scenarios, the costs for the electron donor and the produced electricity are considered.
From all the state of the art technologies, SX/EW is the technology that has metallic copper as final product, and it is an electrochemical technique. We use it as a reference industrial application. For the comparison with SX/EW, we took the production cost of 2.29 €/kg Cu described by Readette wileyonlinelibrary.com/jctb 
RESULTS AND DISCUSSION
Electrochemical performance of the prototype The performance of the prototype BES was analyzed at three different copper concentrations (1, 0.5 and 0.1 g L −1 ) in the catholyte. In this prototype, the bioanode was connected via two separate wires to the two cathodes, resulting in two parallel currents. Two duplicate experiments were performed with an initial copper concentration of 1 g L −1 . Figure 3 (A) and (B) show the current density as a function of time for these two experiments.
For the first experiment at 1 g L −1 (Fig. 3(A) ), stable current densities were obtained for both cathodes until the external resistance was reduced to 10 Ω. For cathodes A1 and A2, the current densities dropped drastically at an external resistance of 5 Ω. This drop in current density was related to the limited inflow of acetate due to interrupted inflow of the influent; after feeding acetate, current increased again. The second experiment at 1 g L −1 (Fig. 3(B) ) showed stable current production at all external resistances.
For the first experiment, the maximum current density achieved by the bioanode was 0.78 A m −2 , and the current density was higher for cathode 1 (0.78 A m −2 ) than for cathode 2 (0.43 A m −2 ). For the second experiment, the maximum current density was 1.2 A m −2 , which was higher than the current in the first experiment. In the second experiment, cathode 2 also achieved higher current densities (1. . However, the current density for this prototype is one order of magnitude lower than the current densities obtained in a lab cell of 10 cm × 10 cm (∼20 A m by Rodenas et al. 5, 22 From the data obtained in Fig. 3 , also power density curves were constructed (Fig. S1 in the Supporting information) from which the maximum power density was extracted. For the first experiment, the maximum power density was 62 mW m −2 for cathode 1 and 53 mW m −2 for cathodes 2; while in the second experiment the maximum power density production was 48 mW m −2 for both cathodes.
Comparison of the performance of the prototype with laboratory BES
The performance indicators of maximum current density (J max ), maximum power density (P max ) and open circuit voltage (OCV) for the prototype BES at the three different copper concentrations are summarized in Table 2 . For comparison, also the results of an optimized laboratory system are included (5) . Both experiments at 1 g L −1 had similar open circuit voltages of 0.71 V, however, OCV decreased to 0.68 V at 0.5 g L −1 and to 0.61 V at 0.1 g L −1 copper in the catholyte. The maximum current density and power density decreased with decreasing copper concentrations. In addition to electrochemical performance, the fate of copper was analysed: while part of the copper was plated on the electrode, another part was lost through chemical precipitation. The remaining share was still in solution at the end of the experiments. The highest copper recovery was 57% for 0.1 g L −1 Cu, while 12% of the supplied copper was found as precipitate at the bottom of the reactor. There was no clear relation between copper concentration, copper recovery, and precipitated copper.
The maximum anode Coulombic efficiency found in all experiments was only 12%. This low Coulombic efficiciency is most likely due to competing microbial processes for the available acetate, like methanogenesis and sulfate reduction. Acetate was always fed in excess to allow sufficient electron donors for current generation. At the same time, an excess of acetate leads to methane formation. 23, 24 The impact of methanogens can be minimized by limiting the dosing of influent and thereby decreasing the substrate loading to the system. 24 Furthermore, part of the acetate may have been used for sulphate reduction that is transferred through the anion exchange membrane from the cathode compartment.
Internal resistance distribution of the prototype As explained before, current and power densities of the prototype were considerably lower than those achieved in laboratory scale systems. 5 One of the reasons is the new cell design used here, which allowed the anode module and the cathodes to be removed separately at any moment, without disassembling the complete system, resulting in larger distances between the anode and cathode electrodes than in optimized lab-scale systems and thus resulting in a larger internal resistance. The total internal resistance of the cell at different catholyte concentrations is shown in Table 2 . When the internal resistance for each side of the prototype was calculated from the point at maximum power density, we found wileyonlinelibrary.com/jctb To have a more detailed analysis of the performance of the system, the contribution of each part of the system to the internal resistance was calculated (Equation (5)). The partial internal resistances were calculated from the overpotentials in the electrodes, and the voltage losses in the membrane and electrolytes at each external resistance.
14 Figure 4 shows the distribution of the internal resistance for both cathode compartments at different external resistances in the experiment at 1 g L −1 . This figure shows that the anode had the main contribution to total internal resistance, between 45% and 55% (734 mΩ m 2 to 850 mΩ m 2 ). The second largest contribution to the total internal resistance was by the cathode, between 20% and 35% (209 mΩ m 2 to 420 mΩ m 2 ). Both the ionic and membrane contributions to the total internal resistance were small, although the membrane resistance increased at higher current densities due to the higher rate of ion transport. 25 It reached a value of 185 mΩ m 2 for the membrane on the side of cathode 1 and 220 mΩ m 2 for the membrane on the side of cathode 2.
At high external resistance and thus at low current densities, the voltage contribution of the cathode and in some cases the membrane, showed a negative contribution to the total internal resistance. This might likely be attributed to the presence of dissolved oxygen, since the reduction of oxygen occurs at a higher cathode potential than the reduction potential of copper. Since the standard potential of copper reduction is used in the calculations this leads to negative values for the internal resistance. Although the cathode is sparged with nitrogen gas, the presence of oxygen can be explained by the fact that the cathode compartment is only closed from the air by floating plastic balls on top of the catholyte, and still quite some surface is exposed to air. At lower external resistances and thus at higher current densities, all available oxygen is reduced and on top of that also copper is reduced leading to positive values. In some cases, the membrane potential also shows negative values which are caused by the difference in electrolyte composition in the anode and cathode.
Comparison of laboratory BES with prototype for upscaling As shown in the previous part, the prototype BES did not perform as well as the laboratory BES. Table 3 shows the difference between the prototype and the previous laboratory cell design described in Rodenas et al. There are no major differences between the materials, membranes, recirculation speed, HRT or volumes. However, the prototype was designed with four layers of felt on each side of the current collector. By contrast, the cell in Rodenas et al. was designed with only one layer of felt, which had a forced flow of anolyte in a perpendicular direction through the electrode. This forced flow allowed for better mixing and therefore better mass wileyonlinelibrary.com/jctb transport in the anode electrode. As mentioned before, the bioanode was the main contributor to internal resistance and the mixing, especially in four layers of felt, is one of the issues that could lead to these losses. When the mixing is not sufficient, not all parts of the electrode have access to substrate and therefore microorganisms will not colonize the full surface of the electrode. Furthermore, the produced protons will not be transported away from the biofilm, leading to higher potential losses. Another issue for this prototype design could have been insufficient current collection. The cassette design only allowed for a small pressure on the felt layers towards the current collector while in the laboratory design the felt was firmly screwed together with the current collector. Finally, there was a difference in the distance between electrodes. In the laboratory cell, the distance between electrodes was seven times smaller than with the prototype, which had 3.5 cm between cathode and anode. Still, even in the prototype design, the contribution of the ionic resistance of the electrolyte was always below 10% of the total resistance.
Economic evaluation of BESs for metal recovery
In addition to the performance indicators used in Table 2 , the economic feasibility of copper recovery in BESs needs to be considered. For BESs to become applicable in industry for the recovery of metals, an evaluation between capital expenditure and cost is required. 26 -28 In general, the main disadvantage of BESs compared with SX/EW is the high investment for materials: especially, the electrodes, current collectors, and membranes have a big impact on this investment. Therefore, to be competitive with conventional technologies for metal recovery, BESs need to operate at a high current density to reduce its footprint and, therefore, its specific investment costs. The internal resistance is the dominant factor in determining the current produced by the system. To see if BESs are competitive with conventional technologies like SX/EW, three different scenarios with different electron donors: (i) wastewater; (ii) bio-ethanol; and (iii) hydrogen, for the recovery of copper were compared with SX/EW. When these electron donors are used in an MFC, electrical power is produced and this power can either be discharged to the electrical grid (revenue) or used to power the system itself. For the MFC, an open cell voltage of 0.5 V was used for a cell operated on 10 mmol L −1 acetate and 1 g L −1 copper. The internal resistance in combination with voltage output will define the current density, and this, in turn, determines the amount of required electron donor and recovered copper. Figure 5 shows the results for the three different business cases in an MFC. This figure shows that the profit for recovered copper is directly related to the internal resistance because the produced current, and thus the produced copper, changes as a fucntion of the internal resistance. For the system itself a capital cost of 13.6 €/m 2 per year is taken into account. Figure 5 shows the results for the three different scenarios for the electron donors. When wastewater is used as electron donor, which can be considered free of charge, the cost go down at low internal resistance due to the produced electricity. When hydrogen or ethanol are used as electron donor, the costs increase at low internal resistance, since the amount of consumed electron donor, and thus the costs for electron donor, increases even though electricity is produced. For all scenarios, the revenues become higher than the cost when the internal resistance decreases below 400 mΩ m 2 . The most profitable business case is when wastewater is used as the electron donor since this electron donor does not require any additional costs. Actually, this business case would have been even more profitable if the savings on wastewater treatment had been considered. The scenario for both hydrogen and ethanol have similar revenues, since the costs of both electron donors are comparable.
Next to the results for the different electron donors, Fig. 5 also shows the comparison with SX/EW as a competing technology. For SX/EW a constant price per kg of copper was assumed, resulting in a constant negative slope in relation to the increasing internal resistance. The MFC for copper removal becomes attractive as an alternative for SX/EW for an internal resistance lower than 150 mΩ m 2 when either wastewater or hydrogen are used as an electron donor.
Finally, Fig. 5 shows the internal resistance achieved in the laboratory study and the internal resistance achieved in this study for the prototype. The internal resistance of the laboratory device (21 mΩ m 2 ) is one order of magnitude lower than the minimum internal resistance required to break even compared with the copper revenues (400 mΩ m 2 ), and also one order of magnitude lower than the resistance of 150 mΩ m 2 required to be competitive with SX/EW. The minimum internal resistance for the prototype was 450 mΩ m 2 which is both higher than the required internal resistance to become economically interesting and to be competitive with SX/EW. The challenge will be to show the same performance at industrial scale compared with laboratory scale.
FUTURE PERSPECTIVES IN CELL CONFIGURATION AND UP-SCALING
We demonstrated the design and operation of a prototype BESs for the recovery of copper with the potential for upscaling. The design of this prototype was based on the electroplating baths found in electrowinning industry and allowed for flexible replacement of both the anode and the cathode electrodes. This prototype wileyonlinelibrary.com/jctb system produced current densities of 1.2 A m −2 . For the prototype described here we identified the anodic resistance as the major contribution to the internal resistance. The high internal resistance and specifically the high anodic resistance may be caused by: (i) insufficient electrolyte mixing which led to an insufficient use of the available surface area; (ii) non-optimal current collection from the anode material; and (iii) too high a distance between electrodes leading to a high electrolyte resistance. To come to a suitable future design for the upscaling of BESs, these limitations need to be taken into consideration. Although copper was successfully plated at the cathode and recovered, the bioanode did not work according to expectations compared with high current densities achieved in previous cell designs. The high internal resistance and low Coulombic efficiency may be related to insufficient mass transfer, competing reactions such as methanogenesis, sulphate reduction, or acidification of the biofilm by the formed protons. Research on prototypes of BESs provides important information on the issues related to upscaling of these devices. Solving these critical points could bring BESs closer to practical implication and economic viability.
